Background and Purpose-Hemodynamic compromise due to atherosclerotic middle cerebral artery (MCA) disease may induce internal border-zone infarction and cortical neuronal damage. This study aimed to determine whether internal border-zone infarction is associated with increased oxygen extraction fraction (OEF) and a decrease in central benzodiazepine receptors (BZRs) in the overlying cerebral cortex in atherosclerotic MCA disease. Methods-We measured the OEF by using positron emission tomography and 15 O gas in 100 nondisabled patients with atherosclerotic MCA disease in the chronic stage. On MRI, the infarcts were categorized as territorial, border-zone (external or internal), deep perforator, and superior perforator infarcts. In 62 patients, BZRs were measured using 11 C-flumazenil. By using 3-dimensional stereotactic surface projections, the abnormally decreased BZR index ("BZR index") [(the extent of the pixels with Z score more than 2 compared with controls)ϫ(average Z score in those pixels)] was calculated. In the hemisphere affected by MCA disease, the type of infarcts was correlated with the value of OEF or BZR index in the cerebral cortex of the MCA distribution. Results-Compared with patients without internal border-zone infarcts, those with these infarcts (nϭ18) had significantly increased OEF and significantly high BZR index. Multivariate analysis revealed that internal border-zone infarction was independently associated with increased OEF and high BZR index. Conclusions-In atherosclerotic MCA disease, internal border-zone infarction is associated with increased OEF and a decrease in BZRs in the overlying cerebral cortex, suggesting that hemodynamic compromise may induce internal border-zone infarction and cortical neuronal damage. 
T he pathophysiology of cerebral infarction in atherosclerotic middle cerebral artery (MCA) disease is not well understood. Artery-to-artery embolism, hemodynamic compromise, and local branch occlusion may be the 3 main mechanisms underlying cerebral infarction. 1 A study involving diffusion-weighted MRI in acute patients with stroke with MCA stenosis showed that multiple small cortical or subcortical white matter infarcts were associated with the presence of embolic signals on transcranial Doppler imaging. 1 This finding suggests that artery-to-artery embolism is an important mechanism of infarction. Another diffusion-weighted MRI study disclosed that deep perforator infarction is a lesion pattern specific to MCA disease, which suggests that local branch occlusion due to atherosclerosis of the MCA stem may be a common stroke mechanism. 2 However, the contribution of hemodynamic mechanisms to the development of cerebral infarction in atherosclerotic MCA disease is unclear.
To our knowledge, no studies have demonstrated an association between the type of infarct and hemodynamic compromise in atherosclerotic MCA disease.
In atherosclerotic MCA disease, gradual reduction in the perfusion pressure in the stenosed MCA results in the recruitment of leptomeningeal collaterals. These collaterals may not be adequate for the maintenance of normal cerebral hemodynamics. 3, 4 According to the theory of distal field, 5 maximal hypoperfusion occurs in the terminal areas of the distributions of the lenticulostriate and medullary arteries, which are branches of the MCA; this hypoperfusion may result in internal border-zone infarction. Furthermore, in the overlying cerebral cortex, the perfusion may fall below the penumbra threshold for a matter of minutes, causing selective neuronal damage without any visible infarction on MRI. 6 If the degree of neuronal damage is not severe, hemodynamic compromise in the overlying cerebral cortex may persist after the development of internal border-zone infarction, although that in the internal border-zone region will disappear. The oxygen extraction fraction (OEF), as measured using positron emission tomography (PET), is a useful index of hemodynamic compromise. 7, 8 Imaging of central benzodiazepine receptors (BZRs), which are expressed by most cortical neurons, provides information on the neuronal alterations induced by ischemia. 9 This study aimed to determine whether in atherosclerotic MCA disease, internal border-zone infarction is associated with increased OEF and a decrease in BZRs in the overlying cerebral cortex in the chronic stage.
Methods

Patients
We studied 100 consecutive patients with atherosclerotic occlusion or stenosis of the MCA (Table 1) . They were referred to our PET unit for the first time for evaluation of the hemodynamic effects of MCA occlusive disease as part of a comprehensive clinical evaluation to determine the necessity of vascular reconstruction surgery. Inclusion criteria for this study were as follows: (1) occlusion or stenosis (Ͼ50%) 10 of the MCA (from origin to bifurcation or trifurcation) documented on MR angiography; (2) ability to independently carry out daily life activities (score on modified Rankin Scale Ͻ3); and (3) for symptomatic patients, history of transient ischemic attack or minor completed stroke involving the relevant MCA distribution. Transient ischemic attack was defined as the development of focal symptoms of presumed ischemic cerebrovascular origin lasting Ͻ24 hours. The exclusion criteria were (1) history of transient ischemic attack or stroke in regions other than the relevant MCA distribution; (2) Ͼ50% stenosis of the internal carotid artery on the side ipsilateral to MCA disease; (3) history of extracranial-to-intracranial bypass; (4) unilateral MCA disease with extensive white matter lesions in both hemispheres; and (5) presence of potential sources of cardiogenic embolism, including recent myocardial infarction (Ͻ3 weeks previously), known atrial fibrillation, mitral stenosis, prosthetic mitral valve, dilated cardiomyopathy, sick sinus syndrome, and acute bacterial endocarditis. In the last consecutive 62 patients, BZRs were measured ( Table 1) . None of these patients had previously received BZR agonists. The ethics committee of our center approved the study protocol, and written informed consent was obtained from each patient.
PET Measurements
All subjects underwent PET, which was performed using a wholebody Advance scanner (General Electric Medical System, Milwaukee, Wis) as described previously. 11 After the 15 O-gas study, 11 C-flumazenil (FMZ) study was performed for the BZR imaging. 12 11 C-FMZ was synthesized by the 11 C-methylation of demethylated-FMZ (Hoffmann-La Roche, Basel, Switzerland). After the slow intravenous injection of 11 C-FMZ, a 50-minute dynamic PET scan was initiated at the time of tracer administration.
We calculated the cerebral blood flow (CBF), cerebral metabolic rate of oxygen (CMRO 2 ), and OEF by using the steady-state method. 13 CMRO 2 and OEF were corrected on the basis of the CBV. 14 The binding potential (BP) of 11 C-FMZ was calculated using dynamic data and a reference tissue model, in which the pons was used as a reference. 12 We manually placed an irregular region of interest (ROI) on the 2 tomographic planes corresponding to the pons on the average tissue activity image obtained from the early phase of dynamic PET data with timeframes of 1 to 3 minutes. These ROIs were transferred to the dynamic PET data for the calculation of BP.
Magnetic Resonance Imaging
MRI was performed using a Signa unit (General Electric) operated at a field strength of 1.5 T. The imaging protocol consisted of T2-weighted spin echo (repetition time/echo timeϭ3000/88.8 ms), T1-weighted spin echo (repetition time/echo timeϭ550/11.2 ms), and fluid-attenuated inversion recovery (repetition time/echo timeϭ8002/158 ms, inversion timeϭ2000 ms) imaging series. The slice thickness was 5 mm, and the intersection gap was 2.5 mm.
Cerebral ischemic lesions were identified as hyperintense lesions on T2-weighted MRI. They were classified as (1) external borderzone infarcts: wedge-shaped, corticosubcortical lesions in the anterior border zone between the territory of the anterior cerebral artery and the MCA or in the posterior border zone between the territory of the MCA and the posterior cerebral artery; (2) cortical territorial infarcts: cortical lesions not classified as external border-zone infarcts; (3) internal border-zone infarcts: multiple or confluent lesions located between the deep and superficial arterial systems of the MCA in the corona radiata or between the superficial arterial systems of the MCA and the anterior cerebral artery in the centrum semiovale 5, 15 ; (4) deep perforator infarcts: lesions in the territory of the lenticulostriate arteries; and (5) superior perforator infarcts: lesions in the territory of the medullary arteries. Fluid-attenuated inversion recovery images were used to distinguish infarcts from dilated perivascular spaces. One investigator who was blinded to the clinical status of the patients, including other imaging data, reviewed all scans. Type of lesions, no.
External border-zone infarcts 16 9 Territorial infarcts 16 9 Internal border-zone infarcts 18 15 Deep perforator infarcts 52 31
Superior perforator infarcts 31 23
ICA indicates internal carotid artery.
Data Analysis
We analyzed 10 tomographic planes, located 46.25 to 84.5 mm above and parallel to the orbitomeatal line. The lower plane corresponded to the level of the basal ganglia and thalamus and the upper to the level of the centrum semiovale. A ROI was placed on the CBF images. Each image was examined by compactly placing 10 to 12 circular ROIs, each 16 mm in diameter, over the gray matter of the outer cortex in each hemisphere. According to the atlas, the ROIs in all 10 images covered the distribution of the MCA as well as the external border-zone regions. 16 The same ROIs were used for the CMRO 2 , OEF, and CBV images. The mean hemispheric values in the hemisphere affected by MCA disease were calculated as the average of the values of all circular ROIs. In 27 patients with cortical infarction, the circular ROIs including low-intensity areas on T1-weighted MRIs were excluded from analysis. We used a previously described method to correlate PET images with MRIs. 17 Normal control values of the PET variables were obtained from 7 normal volunteers (4 men and 3 women), aged 47Ϯ7 years, who had normal routine neurological examinations and MRI scans. The meanϮSD values for CBF, CMRO 2 , OEF, CBV, and CBF/CBV in the 14 hemispheres of the controls were 44.6Ϯ4.5, 3.43Ϯ0.33, 44.5Ϯ3.8, 3.98Ϯ0.48, and 11.4Ϯ1.8, respectively.
A 3-dimensional stereotactic surface projection technique was used to analyze FMZ BP, as described elsewhere. 12 Analysis by 3-dimensional stereotactic surface projection anatomically normalizes the individual PET data to the standard brain and compares the regional voxel data between patients and control subjects. In the standard stereotactic system, pixels located on the outer and medial surfaces of both hemispheres are predetermined along with 3-dimensional vectors perpendicular to the surface at each pixel. For each predetermined surface pixels, the algorithm searches the highest pixel value in a direction inward along the vector to a 6-pixel depth into the cortex on an individual's anatomically standardized PET image set and assigns the maximum value to the surface pixel. To negate the effect of fluctuations in whole-brain values and to extract the change due to MCA disease, the pixel values of an individual's image set were normalized to the mean cerebellar value before the analysis. To quantify a decrease of FMZ BP, pixel-by-pixel Z scores were used; Z scores {([mean normalized pixel value of controls]Ϫ[normalized pixel value of each patient])/[SD of controls]} were calculated for each surface pixel. A positive Z score represents a reduced FMZ BP in patients relative to control subjects. To obtain a normal control database, we studied 10 healthy control subjects, aged 57Ϯ7 years, including 7 men. To assess the degree of FMZ BP reduction in each patient quantitatively, the abnormally decreased BZR index ("BZR index") [(the extent of the pixels with Z score more than 2 compared with controls)ϫ(average Z score in those pixels)] in the cerebral cortex of the MCA distribution with MCA disease was calculated by the stereotactic extraction estimation method. The MCA distribution included the middle and inferior frontal gyri; the precentral gyrus; the superior and inferior parietal gyri; the angular gyrus; the postcentral gyrus; the supramarginal gyrus; the superior, middle, inferior, and transverse temporal gyri; and the superior and middle occipital gyri. The regions with cortical infarcts were not excluded from analysis.
Statistical Analysis
We compared the values of PET variables between each pair of groups by using Mann-Whitney U test or Student t test, as appropriate. Stepwise or multiple linear regression analysis was used to test the independent predictive value of age, sex, the presence of symptoms or other medical illness, the type of MCA disease (stenosis or occlusion), and the type of infarcts with respect to the values of the OEF or BZR index in the hemisphere affected by MCA disease; significance was established at PϽ0.05.
Results
A total of 74 patients had infarcts in the hemisphere affected by MCA disease (Table 1) ; 32 patients had one type of infarct, 30 had 2 types, and 12 had Ն3. Furthermore, 18 symptomatic patients had internal border-zone infarcts; 17 had infarcts mainly located in the corona radiata. The pattern of internal border-zone infarction was confluent in 11 patients (Figure 1 ) and rosary-like or spotty in 7 patients. The total anteroposterior length of each infarct exceeded 30 mm. Rosary-like or spotty infarct patterns with narrow mediolateral distributions were found in 5 patients with MCA stenosis and 2 patients with occlusion of the distal MCA trunk.
Compared with patients without internal border-zone infarction, those with this type of infarction had significantly increased OEF (Tables 2 and 3 ). However, the OEF did not significantly differ between patients with and without any other infarct type. Among patients with internal border-zone infarction, the OEF did not significantly differ between patients with confluent infarct and those with rosary-like or spotty infarct.
When age, sex, the presence of symptoms or other medical illness, and the type of MCA diseases or infarcts were entered into a stepwise regression analysis, it produced a model including the internal border-zone infarction and deep perforator infarction with a correlation coefficient of 0.49 for the values of OEF (PϽ0.0001). The other variables did not significantly contribute to the magnitude of the correlation. By using multiple regression analysis, internal border-zone infarction was independently and positively associated with the OEF, whereas deep perforator infarction was independently and negatively associated with the OEF (Table 4) . When patients with stenosis or occlusion were separately analyzed, internal border-zone infarction was still a significant predictor of the OEF.
Compared with patients without internal border-zone infarction, those with this type of infarction had significantly increased BZR index in the hemisphere affected by MCA disease ( Table 2 ). The BZR index did not significantly differ between patients with a confluent type of internal borderzone infarcts and those with rosary-like or spotty type. When age, sex, the presence of symptoms or other medical illness, and the type of MCA diseases or infarcts were entered into a stepwise regression analysis, it produced a model including the internal border-zone infarction and external border-zone infarction with a correlation coefficient of 0.58 for the BZR index (PϽ0.0001). The other variables did not significantly contribute to the magnitude of the correlation. By using multiple regression analysis, both internal border-zone infarction and external border-zone infarction were significant and independent predictors of the BZR index (Table 4) . When patients with stenosis or occlusion were separately analyzed, internal border-zone infarction was still a significant predictor of the BZR index. The association of internal borderzone infarction with an increase of BZR index was also significant when patients with cortical infarcts were excluded. In patients without cortical infarcts, the BZR index was significantly correlated with the value of the OEF (Figure 2 ).
Discussion
This study shows that in nondisabled patients with atherosclerotic MCA disease, internal border-zone infarction is associated with increased OEF and a decrease in BZRs in the noninfarcted overlying cerebral cortex in the chronic stage.
The association between internal border-zone infarcts and chronic hemodynamic compromise in the overlying cerebral cortex in atherosclerotic MCA disease in the present study is consistent with similar associations reported for carotid artery disease. 18 This similarity further supports the hypothesis that chronic and widespread hemodynamic compromise in the MCA distribution may cause infarcts in the terminal zone of the MCA, including the internal border-zone region. The extent of hypoperfusion may be affected by the site and severity of disease in the MCA trunk and may determine the location of internal border-zone infarcts. Stenosis of the distal MCA trunk may result in infarction in the upper corona radiata only, especially rosary-like or spotty infarct patterns with narrow mediolateral distribution. In contrast, occlusion of the proximal MCA trunk may produce confluent infarcts with wide mediolateral distribution (Figure 1 ). In the case of either pattern, the simultaneous occurrence of multiple ischemic lesions in the terminal areas of both deep and superficial perforators from the MCA may be associated with hemodynamic compromise in the overlying cerebral cortex.
Chronic hemodynamic compromise may increase the risk of selective neuronal damage in the cortical regions. 12 This study shows that internal border-zone infarction is associated with a reduction in the BZRs in the overlying cerebral cortex. This suggests that internal border-zone infarction may be accompanied by cortical neuronal damage. 19 It is possible that internal border-zone infarction in the corona radiata may extensively interrupt the anterior and superior thalamocortical projections, which may cause functional deactivation of the cerebral cortex. 20 However, reduced neural input alone may not decrease FMZ binding. 12 Cortical neuronal damage may occur in parallel with the development of internal borderzone infarction. Internal border-zone infarction should be recognized as a warning sign of cortical neuronal damage in atherosclerotic MCA disease.
In patients with stroke with atherosclerotic MCA disease, early detection of ischemic changes in the internal borderzone region is possible with diffusion-weighted MRI. 2, 21 Previous studies showed that the clinical course of patients with internal border-zone infarction worsened with enlargement of infarction in the acute stage 15, 21 ; this enlargement may be related to hemodynamic compromise. Because large and dense internal border-zone infarcts result in severe neurological deficit, 15, 21 intensive treatment for the improvement of perfusion and protection of neurons should be administered in the initial stages of internal border-zone infarction. If the metabolism in the hemisphere with internal border-zone infarction is preserved, hemodynamic compromise in the overlying cerebral cortex may persist. Then, revascularization procedures, including angioplasty or bypass surgery, which can improve hemodynamic compromise, might further improve the prognosis of patients by preventing the recurrence of stroke and cortical neuronal damage. 22, 23 This study has several limitations. First, because this is a cross-sectional study, a causal interpretation of the observed associations should be made using follow-up studies of patients without internal border-zone infarcts, which should show the development of internal border-zone infarcts with hemodynamic deterioration, specifically after an increase of OEF in the internal border-zone region. Second, we could not perform conventional angiography in all patients (29 patients with stenosis and 35 patients with occlusion). However, diagnosis of stenosis Ͼ50% or occlusion was accurate in all these patients. Third, although border-zone infarcts occur in characteristic patterns, 21 vascular territories may vary among individuals, and it may be difficult to correctly determine the location of the border zone on MRI. 24 In this study, internal border-zone infarcts included multiple ischemic lesions in the terminal areas of the deep and/or superficial perforators.
Finally, we could not correct for partial volume effects. Therefore, it is possible that the decrease in cortical FMZ binding at least partly reflected the effect of cortical atrophy, although the surface projection technique in 3-dimensional stereotactic surface projection minimizes the effect of cortical atrophy. 12 In conclusion, in atherosclerotic MCA disease, internal border-zone infarction is associated with increased OEF and a decrease in the BZRs in the noninfarcted overlying cerebral cortex in the chronic stage, suggesting that hemodynamic compromise due to MCA disease may induce internal borderzone infarction and cortical neuronal damage. 
